Brooks RM, Heistad DD. MnSOD protects against COX1-mediated endothelial dysfunction in chronic heart failure. Am J Physiol Heart Circ Physiol 298: H1600 -H1607, 2010. First published March 19, 2010; doi:10.1152/ajpheart.01108.2009.-Endothelial function is impaired by oxidative stress in chronic heart failure (HF). Mechanisms that protect against increases in oxidative stress in HF are not clear. The goal of this study was to determine whether manganese superoxide dismutase (MnSOD) plays a key role in protecting against endothelial dysfunction in HF. Endothelial function and gene expression were examined in aorta from wild-type mice (MnSOD ϩ/ϩ ) and mice deficient in MnSOD (MnSOD ϩ/Ϫ ) 12 wk after ligation of the left coronary artery (LCA). LCA ligation produced similar size myocardial infarctions in MnSOD ϩ/ϩ and MnSOD ϩ/Ϫ mice and reduced ejection fraction to ϳ20% in both groups. Maximal relaxation in response to acetylcholine was 78 Ϯ 3% (mean Ϯ SE) and 66 Ϯ 8% in sham-operated MnSOD ϩ/ϩ and MnSOD ϩ/Ϫ mice, respectively. Expression of antioxidant enzymes increased in MnSOD ϩ/ϩ mice with HF, and maximal relaxation to acetylcholine was slightly impaired (68 Ϯ 4%). Greater endothelial dysfunction was observed in MnSOD ϩ/Ϫ mice with HF (46 Ϯ 5%, P Ͻ 0.05), which was significantly improved by polyethylene glycol-catalase but not Tempol. Incubation with the nonspecific cyclooxygenase (COX) inhibitor indomethacin or the COX1 inhibitor valeryl salicylate, but not the COX-2 inhibitor NS-398, significantly improved relaxation to acetylcholine in HF mice (maximum relaxation ϭ 74 Ϯ 5, 91 Ϯ 1, and 58 Ϯ 5%). These data suggest that MnSOD plays a key role in protecting against endothelial dysfunction in HF. A novel mechanism was identified whereby chronic increases in oxidative stress, produced by mitochondrial SOD deficiency, impair vascular function via a hydrogen peroxide-dependent, COX1-dependent, endothelium-derived contracting factor. mitochondria; oxidative stress; vasomotor function; endothelium; endothelium-derived contracting factor; cyclooxygenase ENDOTHELIAL DYSFUNCTION IS associated with increases in oxidative stress and appears to play a significant role in the pathophysiology of several diseases (5). Humans and experimental animals develop endothelial dysfunction and increases in oxidative stress after the induction of chronic heart failure (HF; see Refs. 2, 17, 21, 24, 30, 32, 35, 42, 43) . Additionally, several of the most effective treatments for HF (especially inhibitors of the renin-angiotensin system) are associated with improvements in endothelial function, reductions in NAD(P)H oxidase activity, and reductions in oxidative stress (19, 34, 38) .
ENDOTHELIAL DYSFUNCTION IS associated with increases in oxidative stress and appears to play a significant role in the pathophysiology of several diseases (5) . Humans and experimental animals develop endothelial dysfunction and increases in oxidative stress after the induction of chronic heart failure (HF; see Refs. 2, 17, 21, 24, 30, 32, 35, 42, 43) . Additionally, several of the most effective treatments for HF (especially inhibitors of the renin-angiotensin system) are associated with improvements in endothelial function, reductions in NAD(P)H oxidase activity, and reductions in oxidative stress (19, 34, 38) .
Superoxide dismutases (SOD) provide important protection against oxidative stress in blood vessels (14) . Expression of copper-zinc SOD (CuZnSOD) and manganese SOD (MnSOD) appears to be relatively well preserved in a variety of tissue beds in humans with HF, but several groups have shown that expression of extracellular SOD (ecSOD) is significantly reduced (35) . Although recent work from our laboratory has shown that overexpression of ecSOD significantly improved endothelial function in rats with HF (22) , it is not known whether maintenance of expression of endogenous MnSOD or CuZnSOD plays an important role in protecting against endothelial dysfunction.
In the present investigation, we sought to determine whether increases in mitochondrial oxidative stress impair endothelial function in a mouse model of HF. We tested the hypothesis that deletion of one copy of the MnSOD gene would impair endothelial function in mice with HF primarily through reductions in nitric oxide bioavailability. Because previous work from Yang et al. (48, 49) and others (18, 44) has shown that increased reactive oxygen and nitrogen species can increase cyclooxygenase (COX) activity in blood vessels, we also tested the alternate hypothesis that increased mitochondrial oxidative stress impairs vascular function by increasing COX-derived contracting factors.
METHODS
Animals. Studies were performed on 70 mice. All procedures and protocols were approved by the University of Iowa Animal Care and Use Committee. Wild-type (WT) and heterozygous MnSOD-deficient mice were derived from breeder pairs comprised of one WT and one MnSOD-deficient/heterozygous mouse (since complete ablation of MnSOD results in lethality at an early age). This strain has been backcrossed onto a C57BL/6J background for more than 10 generations. For this study, we used littermate-matched WT and MnSODdeficient mice.
Coronary ligation. Adult female mice (4 -5 mo old) were anesthetized with ketamine (90 mg/kg ip) and xylazine (9 mg/kg ip). After tracheal intubation and establishment of mechanical ventilation, a small thoracotomy was made, and the proximal left coronary artery was ligated. Sham mice underwent a thoracotomy, and the coronary artery was exposed but not ligated.
Cardiac function. Cardiac function was evaluated as described previously (13, 46) . Briefly, mice were sedated with midazolam (0.15 mg sc), and the animal was cradled in the left lateral recumbent position while a 15-MHz linear-array probe was applied horizontally to the chest. The imaging probe was coupled to a Sonos 5500 imager (Philips Medical Systems, Bothell, WA), generating Ϸ180 -200 twodimensional frames per second in both short-and long-axis left ventricular planes. Left ventricular dimensions were measured in the long and short axes 12 wk after coronary ligation, and left ventricular volumes and ejection fraction were calculated as described previously.
Infarct area. Infarct area was measured on immersion-fixed left ventricular sections. In brief, hearts were immersed in 4% parafor-maldehyde for Ͼ24 h, after which point the ventricles were cut into 1-mm-thick sections. Images of each section were acquired using a stereoscope, and the percentage of the left ventricular free wall that was infarcted was measured using ImageJ software (National Institutes of Health).
Gene expression. Tissue from the aortic arch and proximal descending thoracic aorta was used to measure gene expression 12 wk after coronary ligation. Quantitative real-time RT-PCR was used to measure expression of genes related to antioxidant defense mechanisms [MnSOD, CuZnSOD, ecSOD, catalase, glutathione peroxidase (GPx) 1, and GPx4], prooxidant mechanisms [NAD(P)H oxidase (Nox) 1, Nox2, and Nox4], nitric oxide synthase isoforms (endothelial NOS, inducible NOS, and neuronal NOS), and enzymes related to synthesis of endothelium-derived contracting factors (EDCF; COX1 and COX2) using previously described methods (8) .
Oxidative stress. We measured superoxide levels in mouse aortic rings using lucigenin-enhanced chemiluminescence (5 M lucigenin). All relative light unit (RLU) counts were normalized to the surface area of the aortic ring. This method has been described previously in detail (23) .
Evaluation of vascular function. Vasomotor function of aorta was evaluated ex vivo by measurement of isometric tension, as we have described in many previous studies (1, 10, 33, 36) . Briefly, 12 wk after the coronary ligation procedure, mice were anesthetized and killed with pentobarbital sodium (75-100 mg/kg ip). The aorta was excised, connective and adipose tissue were removed, and the aorta was placed in oxygenated Krebs buffer. Vessels were suspended between two triangular hooks in an organ bath, and isometric tension was measured. Responses to acetylcholine (endothelium dependent) and sodium nitroprusside (endothelium independent) were examined after preconstriction of the vessel to ϳ50 -60% of its maximal force.
The following compounds were used: the antioxidant Tempol (1 mM dissolved in saline; Sigma), the COX1 and -2 inhibitor indomethacin (10 M dissolved in 0.1 M Na 2CO3; Sigma), the COX1 specific inhibitor valeryl salicylate [3 mM dissolved in dimethyl sulfoxide (DMSO); Sigma], the COX2 specific inhibitor NS-398 (10 M dissolved in saline; Sigma), pegylated catalase to degrade hydrogen peroxide (200 U/ml dissolved in saline; Sigma), and the nitric oxide synthase inhibitor N -nitro-L-arginine methyl ester hydrochloride (L-NAME, 10 M dissolved in saline; Sigma). Adjacent regions of descending thoracic aorta were used as time controls and incubated with identical concentrations of vehicle in the organ bath (DMSO, Na 2CO3, or saline). Because we did not detect a significant time effect across any of the conditions, data are presented as the means of all time control vessels. The final concentration of vehicle in the organ bath was Ͻ1%.
Statistical analyses. All data are expressed as means Ϯ SE. Differences in contraction and relaxation across groups were detected using an ANOVA, with subsequent post hoc testing using Bonferronicorrected t-tests.
RESULTS

Left ventricular function. Left ventricular function was similar between WT and heterozygous sham-operated animals.
Left ventricular function was significantly impaired in both WT and MnSOD-deficient mice with HF (ejection fraction was reduced by Ͼ70%; see Table 1 ) and was associated with significant increases in the heart wet weight-to-body weight ratio (Table 1) . MnSOD deficiency did not alter infarct size or the magnitude of left ventricular dysfunction in mice with HF (see Table 1 ).
Expression of antioxidant and prooxidant genes. Expression of MnSOD was reduced by ϳ40% in sham-operated MnSODdeficient mice (Fig. 1B) and did not affect the expression of CuZnSOD and ecSOD (Fig. 1, A and C) . After induction of HF in WT mice, expression of MnSOD, CuZnSOD, and ecSOD was significantly increased (Fig. 1, A-C) . In contrast to WT mice, expression of MnSOD did not increase in MnSODdeficient mice with HF (Fig. 1B) . Furthermore, expression of CuZnSOD and ecSOD was markedly reduced compared with WT animals with HF ( Fig. 1, A and C) .
Expression of GPx1, GPx4, and catalase was not significantly changed in sham-operated MnSOD-deficient mice compared with sham-operated WT mice (Fig. 1, D-F) . After induction of HF, GPx1, GPx4, and catalase all tended to be elevated in WT mice (Fig. 1, D-F) , although only GPx4 reached statistical significance (Fig. 1E) .
Expression of Nox2 was significantly increased in shamoperated MnSOD-deficient mice (Fig. 1G ). After induction of HF in WT mice, expression of Nox1, Nox2, and Nox4 was significantly increased (Fig. 1, G-I ). In MnSOD-deficient mice with HF, levels of Nox1 and Nox2 did not increase significantly compared with sham-operated WT or MnSOD-deficient mice ( Fig. 1 , G and H). Nox4 expression, however, remained significantly elevated in MnSOD-deficient mice with chronic HF (Fig. 1I) . Similar changes in other subunits associated with each NAD(P)H oxidase catalytic subunit were also observed (data not shown).
Expression of endothelial NOS was significantly increased in WT mice with chronic HF but not in MnSOD-deficient mice with chronic HF (Fig. 1J) . Expression of inducible NOS was significantly reduced in sham-operated MnSOD-deficient mice and tended to be reduced in both genotypes of mice with chronic HF (Fig. 1K) . Expression of neuronal NOS was also significantly reduced in WT mice with chronic HF but was not Values are means Ϯ SE. HF, heart failure; WT, wild type; MnSOD ϩ/Ϫ , manganese superoxide dismutase deficient; LWW/BW, lung wet weight-to-body weight ratio; HWW/BW, heart wet weight-to-body weight ratio; EF: ejection fraction. *Measurements made histologically, n ϭ 4 -5 mice/group, †Measurements derived from echocardiography, n ϭ 4 -5 mice/group. ‡P Ͻ 0.05 vs. sham-operated animals within the same genotype group.
significantly reduced in groups with MnSOD-deficient shamoperated mice or HF mice (Fig. 1L) .
Superoxide levels in aorta. In sham-operated mice, superoxide levels in aorta were relatively low (0.33 Ϯ 0.21 RLU·min Fig. 2A ). Induction of HF did not significantly impair endothelial function in WT mice ( Fig. 2A) . In MnSOD-deficient mice, however, induction of HF resulted in marked impairment in vasorelaxation in response to acetylcholine. Relaxation to acetylcholine was virtually abolished by preincubation with L-NAME in all groups [see Online Supplement (Supplemental data for this article may be found on the American Journal of Physiology: Heart and Circulatory Metabolism website.)]. Responses to sodium nitroprusside or PGF 2␣ were not altered in any of the groups (Fig. 2, B and C) . Redox mechanisms contributing to endothelial dysfunction. Addition of Tempol or polyethylene glycol (PEG)-catalase did not alter vasomotor function in sham-operated WT mice (Fig. 3A) . Addition of Tempol, however, completely normalized endothelial function in MnSOD-deficient sham mice (Fig. 3B) , although PEG-catalase did not significantly affect vascular relaxation in this group (Fig. 3, A and B) . Addition of Tempol or PEG-catalase did not significantly affect vasomotor function in vessels from WT mice with HF (Fig. 3C) .
In MnSOD-deficient mice with HF, addition of Tempol improved relaxation in response to low doses of acetylcholine [log(ACh) from Ϫ8.5 to Ϫ6.5; see Fig. 3D ]. Relaxation in response to acetylcholine in the presence of Tempol, however, tended to be more impaired at the higher doses when compared with untreated vessels, and even unmasked contraction at the highest doses of acetylcholine (log[ACh] above Ϫ6; Fig. 3D ). In contrast, vasomotor responses to acetylcholine were completely normalized by PEG-catalase in MnSOD-deficient mice with HF (see Fig. 3D ). Both of these observations are consistent with the notion that EDCF production in MnSOD-deficient mice is mediated by hydrogen peroxide.
Effects of COX inhibition on vascular function. Addition of indomethacin (an inhibitor of both COX1 and COX2) did not significantly alter vasomotor responses to acetylcholine in sham mice of either genotype (Fig. 4, A and B) , nor did it affect endothelium-dependent relaxation in WT mice with HF (see Fig. 4A ). In MnSOD-deficient mice with HF, however, indomethacin completely normalized vasorelaxation in response to acetylcholine (Fig. 4B) .
Consistent with the absence of effects of indomethacin in WT mice with HF, incubation of vessels with valeryl salicylate (a specific inhibitor of COX1) or NS-398 (a specific COX2 inhibitor) did not affect endothelial function in WT mice with HF (Fig. 5A) . Inhibition of COX1, however, completely normalized vasomotor responses to acetylcholine in MnSODdeficient mice with HF (Fig. 5B) . In contrast, inhibition of COX2 did not significantly affect vascular function in HF mice of either genotype (Fig. 5, A and B) .
Expression of COX isoforms. We detected expression of both COX1 (Fig. 5C ) and COX2 (Fig. 5D ) in aorta. Expression of both COX isoforms was significantly increased by HF in WT mice (Fig. 5, C and D) . Expression of both COX1 and COX2 was not significantly elevated in MnSOD-deficient mice with HF (Fig. 5D ).
DISCUSSION
The main findings of this study are: 1) WT mice with HF are remarkably resistant to endothelial dysfunction, 2) expression of multiple antioxidant defenses is impaired in MnSOD-deficient mice, 3) MnSOD-deficient mice with HF have markedly impaired endothelial function, and 4) MnSOD-deficient mice have increased COX1-dependent EDCF production in HF.
Cardiac function in WT and MnSOD-deficient mice. In sham-operated mice, MnSOD deficiency did not affect ejection fraction, cardiac output, and heart or lung weight-to-body weight ratios. After ligation of the left coronary artery, ejection fraction was greatly reduced, and the heart weight-to-body weight ratio was increased, but the lung weight-to-body weight ratio was not increased. Myocardial infarction size and reductions in ejection fraction following coronary ligation were similar between WT and MnSOD-deficient mice. Although reducing NAD(P)H oxidase activity by deletion of the p47 phox subunit attenuates impairment of left ventricular function following coronary ligation in mice (11) , our data suggest that the severity of the ischemic insult (and consequent HF) was similar between WT and MnSOD-deficient mice following coronary ligation.
Endothelial function in WT mice with HF. In WT mice, endothelial dysfunction was relatively modest following the induction of HF. This was a rather surprising finding, since previous studies have reported that humans, rats, and mice with HF have substantial endothelial dysfunction (2, 3, 22, 23, 34) . Interestingly, we did observe a significant increase in endothelial NOS in WT mice with HF. One potential explanation for the more modest endothelial dysfunction in the present study could be that we only studied female mice, and estrogen can protect against endothelial dysfunction through the upregulation of NOS (39) .
A second mechanism that may contribute to the small magnitude of endothelial dysfunction in WT mice with HF is that expression of all three SOD isoforms and enzymes related to hydrogen peroxide production were increased in aorta from WT mice following the induction of HF. Although our group has demonstrated that antioxidants or viral overexpression of SOD improve vascular function in HF (22, 23) and other disease states (6, 16, 37) , these studies did not examine the role of endogenous antioxidant defense mechanisms in protecting against endothelial dysfunction. Thus coordinated increases in antioxidant enzymes in WT mice may play an important role in protecting against endothelial dysfunction in HF.
Pro-and antioxidant defense responses are altered in MnSODdeficient mice with HF. In sham-operated mice, there was no significant effect of MnSOD deficiency on expression of other SOD isoforms or hydrogen peroxide-degrading enzymes. This finding is consistent with previous reports in which the genetic ablation of either CuZnSOD or ecSOD levels does not affect expression of other SOD isoforms (20, 27, 40) . Additionally, we found that MnSOD deficiency significantly increased Nox2 expression in aorta.
After induction of HF in MnSOD-deficient mice, expression of CuZnSOD, ecSOD, GPx1, and GPx4 was markedly reduced compared with WT mice. Previous work has demonstrated that the promoter regions of several of these enzymes have numerous redox-sensitive regions, thus making this finding rather paradoxical (50) . Nevertheless, the current findings suggest that MnSOD may play an important role in coordinating specific antioxidant defenses in HF (25) . Reductions in antioxidant defense mechanisms appear to have a functional consequence because vasomotor function can be normalized by acute treatment with PEG-catalase in MnSOD-deficient mice with HF.
Interestingly, increases in expression of Nox1 and Nox2 in WT mice with HF were markedly attenuated in MnSOD- We speculate that this may be an adaptive response to reductions in mitochondrial antioxidant defenses and excessive increases in intracellular oxidant stress, since previous work has shown that Nox2 plays a key role in inducing cardiac, vascular, and mitochondrial dysfunction following ANG II administration (4, 12, 26) . Nox4 expression, however, was elevated in both WT and MnSODdeficient mice with HF. Thus Nox4 may be a major contributor to increases in reactive species production and vascular dysfunction in these animals.
Endothelial dysfunction in MnSOD-deficient mice with HF is the result of an EDCF. Endothelial vasomotor function was markedly impaired in MnSOD-deficient mice with HF. This exaggeration of endothelial dysfunction was not associated with increased severity of ventricular dysfunction. Previous work has shown that genetic reductions in MnSOD increase susceptibility to endothelial dysfunction in cerebral vessels (15) and in conduit vessels of aged animals (7) . Unlike previous studies, however, we were not able to restore endothelial function by acutely incubating vessels with SOD mimetics (15) .
The major finding of this study was that endothelial dysfunction in MnSOD-deficient mice with HF was ameliorated by compounds that inhibit COX activity. Previous work has suggested that coronary vascular function can be improved by indomethacin in humans and dogs with long-term severe chronic HF, which suggests a role for an EDCF in the endothelial dysfunction observed in HF (28, 29, 31, 41) .
We initially expected that increased EDCF production would be the result of increased COX-2 expression and activity. Expression of COX-2 is inducible by humoral factors (including tumor necrosis factor-␣) that are increased in HF (47), and COX-2 has been shown to be increased in activated endothelial cells from patients with HF (9) . Administration of the COX-2 inhibitor NS-398, however, did not improve endothelial function in mice with HF.
In contrast, inhibition of COX-1 with valeryl salicylate significantly improved endothelial function in MnSOD-deficient mice with HF. Tang and colleagues (45) have provided pharmacological and genetic evidence that COX-1 can contribute importantly to EDCF production in mice. The EDCF produced by COX-1 is likely to be an endoperoxide, which subsequently binds to thromboxane/prostanoid receptors on vascular smooth muscle (45, 48, 49) . Relevant to the present report, increases in oxidative stress produce an increase in activity of COX-1 (48, 49) , and reducing peroxidative stress by pretreatment of the vessels with PEG-catalase abrogates COX-1-dependent EDCF production in MnSOD-deficient mice with HF. Thus we speculate that, in vivo, mitochondria-derived reactive oxygen species are an important determinant of COX-1 activity, and this effect does not require an increase in COX-1 expression.
Limitations. The definition of HF in humans is complex and evolving and is based not only on impaired cardiac function but also on other pathophysiological changes. In the present study, we used echocardiography to evaluate cardiac function and to define the presence or absence of HF, with an a priori definition of HF being an ejection fraction Ͻ35%. In mice that underwent coronary ligation, ejection fractions were well below 35%. The mice, however, did not have significant increases in lung wet weight at the time of death, and other measures of HF were not obtained. Thus this mouse model may be more representative of severe, chronic left ventricular dysfunction than that of chronic HF. Nevertheless, it is likely that mitochondrial oxidative stress is elevated even more in stages of decompensated HF, providing a milieu that is conducive to the production of EDCF by COX1. We did not measure protein or enzyme activity levels for several of our outcome variables (e.g., COX and NOS isoforms), which is an important limitation to the current study. The amount of tissue available for evaluating protein levels from each mouse was small because tissue was used for studies of vascular function and gene expression. Thus meaningful measurements of protein levels or enzyme activity were not obtained.
Finally, we studied only female mice in the present investigation. In our experience, females have a much better survival rate compared with male mice following coronary ligation (with Ͼ80% mortality in male MnSOD-deficient mice undergoing coronary ligation). Consequently, we used female mice for all of our studies. We did not control for variations in the estrous cycle or other sex-related variations in hormone levels. It is likely that careful littermate matching and group caging minimized the influence of these factors on the findings in the present investigation.
In conclusion, these studies indicate that reductions in mitochondrial antioxidant mechanisms markedly exacerbate endothelial dysfunction in mice with chronic HF. A key mechanism of this augmented endothelial dysfunction is generation of EDCF by COX1. We speculate that identification of potential contributors to mitochondrial dysfunction may ultimately lead to novel therapies for treatment of vascular dysfunction in chronic HF.
